水中正極性ストリーマ放電の開始・進展機構 by 藤田 英理
Initiation and Propagation Mechanisms of
Positive  Streamer Discharges in Water
著者 藤田 英理
号 59
学位授与機関 Tohoku University
学位授与番号 工博第5037号
URL http://hdl.handle.net/10097/62779
  
論 文 内 容 要 旨          
Streamers in liquids are pre-breakdown phenomena, mainly observed as the development of luminous filaments from a needle 
electrode submerged in liquids. In addition to the detection as luminescence, streamers are often observed as density changes by 
shadowgraph imaging. These density changes are generally called gas channels or streamer channels. Reaching the opposite electrode, 
streamers change sparks. In recent years, underwater discharges have been studied for water treatments because the discharges can 
decompose organic compounds and inactivate microorganisms in water by the generation of ultraviolet rays, charged particles, shock 
waves, micro-bubbles, and reactive oxygen species. Especially, streamer discharges in water have good potential for application in 
bio-medical treatment because the spatiotemporal scale and discharge current are small enough to treat cells or tissues.  
There is a time lag, called initiation process, between the beginning of the voltage application and the streamer inception. This 
initiation process is considered as a stochastic process, but it has not been investigated experimentally what happens at the initiation 
process and why the initiation process is required before the streamer propagation. Positive streamer discharges in water have been 
classified into two propagation modes mainly by their configurations and propagation velocities: a primary streamer and a secondary 
streamer. Primary streamer propagation is characterized by a tree-like or an umbrella-like structure with a propagation velocity ranging 
from 100 m/s to a few km/s. On the other hand, secondary streamer propagation is characterized by a filamentary structure having a 
few branches with a propagation velocity of 25 – 30 km/s. However, the detailed propagation characteristics of primary streamers and 
secondary streamers have been still unclear mainly due to the limitation of visualization. The propagation mechanism of discharges in 
liquids has been a controversial issue for a long time. There are two schools of thought to explain the propagation mechanism, a 
bubble theory or a direct ionization theory. The bubble theory assumes that discharges occur in the pre-existing bubble or the formed 
bubble by local heating. On the other hand, the direct ionization theory assumes that ionization occurs directly in liquid without the aid 
of any bubbles. So far, the propagation mechanism of a primary streamer is explained by the bubble theory and that of a secondary 
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 steamer is explained by the direct ionization theory. However, proposed propagation mechanisms have not been validated through 
direct observation since streamer visualization requires nanosecond time resolution and micrometer spatial resolution.  
The objectives of this thesis are to clarify what happens at the initiation process, why the initiation process is required before the 
streamer propagation, how a primary streamer and a secondary streamer propagate, and which theory explains each propagation 
mechanism. To achieve these, highly spatiotemporal visualizations were conducted. In this study, three kinds of camera system were 
utilized with microscope lenses: an ultra high-speed camera system to acquire a series of two-dimensional images at the time 
resolution of 5 ns, a set system of an image intensifier (I.I.) unit and a digital camera to detect weak luminescence or get a clear 
single-shot image at the time resolution of 3 ns, and a streak camera system to get the temporally successive information of streamer 
propagation. Visualization results were synchronized with the waveforms of the applied voltage, the discharge current, and the light 
emission signal to a precision within 1 ns. In order to eliminate the influence of the previous discharge and to detect the stochastic 
streamer propagation efficiently, a single-shot pulsed voltage with a duration of 10 µs was applied. To exclude the influence of the 
impurities, ultrapure water was used at room temperature of around 20ºC. The voltage rise time, the tip radius of a needle electrode, 
the gap distance, the capacitance of a capacitor, the water conductivity was fixed during the experiments as streamer propagation is 
highly influenced by discharge parameters. To investigate the influence of discharge parameters on the streamer propagation, the gap 
distance, the capacitance, and the conductivity were changed.  
As results, initiation process, primary streamer propagation, and secondary streamer propagation were successfully visualized at 
nanosecond temporal and micrometer spatial resolution. These visualization results synchronized with the discharge waveforms 
enabled to discuss the initiation and propagation mechanisms of positive streamers as follows.  
Initiation process was explained by the bubble theory. The initiation process began with the formation of fluctuations adjacent to 
the tip of a needle electrode. The fluctuations show temperature changes by Joule heating. After hundreds of nanoseconds, 
micro-bubbles appeared at the electrode surface and grew to a bubble cluster. Weak discharges probably occurred in the bubble cluster, 
resulting in the formation of protrusions with the tip radius of less than 5 µm on the bubble surface. Electrons in the bubble cluster 
would be driven to the needle electrode, leading to the accumulation of positive charges at the tip of protrusions. One of the 
protrusions in turn could act as a virtual sharp electrode. A local electric field at the tip of protrusions was estimated to exceed greater 
than 10 MV/cm, which is high enough to cause ionization directly in water. Streamer inception was observed from the protrusions. 
The duration of initiation process decreased with increasing the applied voltage, but finally converged to around 1 µs regardless of the 
gap distance, the capacitance, and the water conductivity. According to the above results, the initiation process is related to the bubble 
theory and indispensable to generate the local concentration of an electric field at the protrusion. Since the local field was estimated to 
be high enough for direct ionization in water, the propagation mechanism of a primary streamer as well as that of a secondary streamer 
can be explained by the direct ionization theory. 
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 The propagation mechanism of a primary streamer is probably intermittent direct ionization in water. Primary streamer 
propagation was characterized by the appearance of repetitive pulsed currents. When the amplitude of pulsed currents was increasing 
with time, a primary streamer forms a semi-spherical brush-like structure composed of many filamentary channels whose tip radius 
was estimated to be less than 5 µm. Most filamentary channels with weak luminescence were fading in about 400 ns after the 
inception, but a few trunk-like channels continued to develop with strong luminescence because of the repetitive current flow in the 
channels. Re-generation of a primary streamer was observed in the cases that the first wave of repetitive pulsed currents lasted long 
enough or the second wave of repetitive pulsed currents appeared after the end of the first wave. Branching of the primary streamer 
was partially attributed to the re-generation from the tip of trunk-like channels. After some branching, the primary streamer seemed to 
be tree-like. Though the observation results of channel expansion implied the continuous propagation of a primary streamer with a 
velocity of 2.4 km/s, the observation of luminescence by a streak camera suggested the intermittent propagation synchronized with the 
repetitive pulsed currents. The plausible mechanism of this intermittent propagation is probably intermittent direct ionization in water 
because the synchronized detections of the shadowgraph image and the light emission signal suggested that luminescence preceded 
the formation of gas channels. From the experimental results, primary streamer propagation would continue as follows: the heated 
trails by direct ionization evaporate and gas channels extend. After intermission, direct ionization re-ignites at the tip of the gas 
channels. Electrons injected into the gas channel cause gaseous discharge in the channel and are attracted to the needle electrode. 
Eventually, primary streamer propagation is probably explained by the repetitive direct ionization in water at the tip of a protrusion or 
gas channels and the development of the gas channels by evaporation.     
The propagation mechanism of a secondary streamer is continuous direct ionization in water. Secondary streamer propagation 
was initiated from a channel tip of a primary streamer as well as from the tip of a protrusion and characterized by the appearance of a 
continuous component in the discharge current. During the flow of a continuous current, a filamentary structure developed 
continuously with strong luminescence. Maximum streamer length and total streamer length were proportional to the accumulated 
electrical charge in the continuous current. However, the propagation velocity did not depend on the accumulated electrical charge. In 
the first part of the continuous current, the propagation velocity reached around 30 km/s. The propagation mechanism of a secondary 
streamer is continuous direct ionization in water because the visualization results taken by an ultra high-speed camera, a streak camera, 
and a set system of an I.I. unit and a digital camera showed that the luminescence preceded the formation of gas channels. When spike 
currents appeared after the continuous current, intermittent repetitive luminescence synchronized with the spike currents and the 
velocity decreased to 1 – 3 km/s. Considering the semi-spherical structure observed at the tip of channels in addition to the intermittent 
luminescence and the pulsed current, the similar propagation mechanism with a primary streamer was assumed for this re-illumination 
process. 
Parametric study suggested that there were threshold electric fields for the inception of a primary streamer and a secondary 
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 streamer. The gap distance, the capacitance in the circuit, and the water conductivity was changed to investigate the influence of these 
discharge parameters on the inception voltage, which is defined as the applied voltage level at which a streamer appears with a 
probability of 20 %. The inception voltages showed the increasing tendency with increasing gap distance, with decreasing capacitance, 
and with increasing water conductivity. However, inception electric fields were estimated to be constant values: 23 MV/cm for a 
primary streamer and 34 MV/cm for a secondary streamer, respectively, regardless of the changes of the discharge parameters. The 
propagation velocities of both streamers were similarly unaffected by the discharge parameters. These results might imply that the 
propagation velocities of a primary streamer and a secondary streamer is determined by their threshold electrical fields. Assuming the 
secondary streamer propagation velocity of 30 km/s were the expansion rate of direct ionization in water, the propagation velocity of a 
primary streamer could be explained as intermittent short propagations of a secondary streamer. In other words, threshold electric 
fields might determine the duration and the scale of direct ionization in water. In that case, primary streamer propagation and 
secondary streamer propagation would be essentially similar phenomenon, that is, just explained by the direct ionization theory. 
The conclusions are that the initiation and propagation mechanisms of positive streamer discharges are composed of initiation 
process explained by the bubble theory and the streamer propagation explained by the direct ionization theory. At the initiation process, 
a bubble cluster is formed by Joule heating and weak discharges occurred in the bubble cluster, resulting in the formation of 
protrusions on the bubble surface. Initiation process is required for the streamer inception because the protrusions act as a sharper 
needle electrode where a local electric field is concentrated enough to cause direct ionization in water. If the local electric field exceeds 
23 MV/cm, a primary streamer propagates intermittently synchronized with the repetitive pulsed currents. The plausible propagation 
mechanism is intermittent direct ionization. If the local electric field exceeds 34 MV/cm, a secondary streamer propagates 
successively synchronized with the continuous current. The propagation mechanism is direct ionization.  
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